We combined immunocytochemistry and enzyme cytochemisrry to localize two different proteins on the same ultmthin ayosection. In this method the immunocytochemical localization is visualized with colloidal gold probes and the enzyme cytochemical detection is achieved with cerium as the capture agent. The immunocytochemistry is conducted
Introduction
The techniques of ultra-thin cryosectioning, as developed by Fernhdez-Morh (1952), Bernhard and Leduc (1967) Christensen (1971) , and Tokuyasu (1973) , have been applied widely to ultrastructural immunocytochemistry (for reviews see Griffiths et al., 1984; Tokuyasu, 1980) . Ultra-thin cryosections have also been used for enzyme cytochemical studies (e.g., Fukushima et al., 1989; Bauer and Sigarlakie, 1975; Ryder and Bowen, 1974; Leduc et al., 1967) , although this has received less attention than has the immunocytochemical application.
The results obtained from immunocytochemistry and from enzyme cytochemistry can provide unique information for understanding cell structure and function. In this study we show that immunocytochemistry and enzyme cytochemistry can be combined at the level of ultra-thin cryosections. This combined approach leads to new applications that may extend the usefulness of either method.
Materials and Methods
Reagents. The following chemicals were purchased from Sigma (St Louis, MO): dextran, gelatin (Type A), pglycerophosphate, Histopaque 1083, Hanks' balanced salts solution (HBSS), levamisole, poly-L-lysine, phosphotungstic acid (free acid), saponin, N-Ti% methyl-3-aminopropanesulfonic acid (TAPS), Tricine, and Triton X-100. Glutaraldehyde (25 % aqueous) and sodium cacodylate were obtained from Polysciences (Warrington, PA).
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Paraformaldehyde was obtained from J.T. Baker (Phillipsburg, NJ). Cerium chloride was from Alfa, Morton Thiokol (Danven, MA). Rabbit anti-human lactoferrin IgG fraction was obtained from Cappel, Organon Teknika (West Chester, PA). Goat anti-rabbit IgG conjugated with 15-nm gold (AuroProbe EM) was purchased from Amersham (Arlington Heights, IL). Formvar (powder) and ethylene dichloride were obtained from Ladd Research Industries (Burlington, VT). All other reagents were of the highest grade available.
Cell Isolation. Human neutrophils were obtained from healthy adult men. Whole blood was drawn into plastic syringes. Leukocytes were separated from erythrocytes by sedimentation (1 g) in 6% dextran (hfw 485,000) in HBSS containing 0.1% BSA without Caff or Mg" (HBSA') at 4". After dextran sedimentation the leukocyte-rich upper phase was centrifuged at 230 x g for 5 min at 4'C. Mononuclear ceh were separated from polymorphonuclear cells by centrifugation through Histopaque 1083 at 450 x g for 25 min at 4'C. The resulting pellets were re-suspended in ice-cold H20 for 20 sec to lyse erythrocytes and then quickly brought to isotonicity with buffer. Neutrophils were pelleted at 150 x g for 10 min and resuspended in HBSA'.
Conventional Cerium Cytochemistry. Human neutrophils were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2) containing 5% sucrose for 5 min at 4'C. They were then layered over culture dishes (35-mm diameter) coated with poly-Llysine (0.25%) (Robinson, 1991) . Cells were fixed for an additional 25-55 min at 4'C. After fixation the cells were washed three times in cacodylate buffer.
Cells were incubated in a cerium-containing reaction medium for detection of alkaline phosphatase (AlkPase) activity, a modification of the procedure described previously (Kobayashi and Robinson, 1991) , for 60 min at 37'C with constant agitation. This medium contained 50 mM tricine. 100 mM TAPS, 2 mM CeC12, 5 mM MgS04. 0.003-0.006% Triton X-100, 0.002-0.004% saponin, 5 % sucrose, and 5 mM p-glycerophosphate. Control cytochemical incubations consisted of omission of substrate from the reaction mixture and inclusion of levamisole (2.5 mM) in the complete reaction mixture.
Cytochemistry on Cryosections. Cells were fmed in suspension with 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2) containing 5% su-TAIUZA' WA, ROBINSON .~~:<w:;* vr.llPm & w p m crose for 30 min at 4'C or with the mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in the same buffer for 60 min at 22'C. Cells in suspension were washed and embedded by centrifugation in 10% gelatin in 0.1 M cacodylate buffer with 5 % sucrose. The solidified gelatin was cut into small pieces and then infiltrated with 2.3 M sucrose in 0.1 M sodium cacodylate (pH 7.2) overnight at 4°C. The gelatin blocks were then mounted on specimen pins, frozen in liquid nitrogen slush, and used immediately for sectioning. Ultra-thin cryosections were cut with a Reichert Ultracut E equipped with an FC 4D cryounit. The instrument settings were such that the knife was maintained at -9O'C. the specimen was -100°C. and the chamber was -115°C. Sections (90 nm thick) were collected on droplets of 2.3 M sucrose in buffer and transferred to copper grids. The grid bars had been coated with formvar two times and the entire grid was subsequently coated with a thin formvar film. This facilitates sticking ofsections to the copper grid and minimizes any reactions that might occur between the grids and the cytochemical medium.
The grids with sections were blocked with 2% BSA in PBS for 2 hr at 22'C. The sections were then incubated with rabbit serum containing antihuman lactoferrin IgG (10-20 pg total protein/ml) in PBS containing 10% normal goat serum for 60 min at 22'C. Control incubation consisted of non-immune serum. The sections were then rinsed in buffer six times over
15 min. Detection of the primary antibody binding sites was achieved with a 60-min incubation in goat anti-rabbit IgG conjugated with 15-nm gold that was diluted 1:25 with the PBS containing 10% normal goat serum (this dilution was of the material supplied by the manufacturer). The grids were rinsed six times in PBS and then transferred to 0.1 M cacodylate buffer (pH 7.2) containing 5 % sucrose.
Incubation for detection of AlkPax activity was performed as mentioned above for 60 min at 37'C. except for the omission of detergents. The grids were rinsed in cacodylate buffer and then post-fixed in 2 % glutaraldehyde in cacodylate buffer for 15 min at 22'C.
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The sections were negatively stained with aqueous 2% phosphotungstic acid, pH 7, and simultaneously covered with a small square ofthin formw film. The excess negative staining solution was removed with a small piece of filter paper. This results in the cryosections being uniformly stained and sandwiched between formvar films (Sakai et al., 1986) . In some experiments immunocytochemistry was done alone to compare the density of immunogold labeling with enzyme cytochemistry and that without enzyme cytochemistry. Cryosections were observed with a Philips CM-12 electron microscope operated at 100 kV.
Morphometric Analysis of Immunogold in Specific Granules. Negatives of electron micrographs of cryosections were printed at the same magnification ( x 44,200). Granules containing immunogold labeling for lactoferrin were traced onto an x-y digitizing tablet (resolution 0.025 mm). Images of these tracings were analyzed with the Sigma Scan Software system Uandel Scientific; Corte Madera, CA) to determine the area and the number of gold particles for each of the traced granules. 
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Results
Resting human neutrophils have intracellular deposits of AlkPase activity in small granule-like structures. This compartment can be visualized by incubating whole cells in a cerium-based cytochemical medium that contains low levels of detergent for cell permeabilization (Kobayashi and Robinson, 1991) . Cells thus incubated can be embedded in epoxy resins and sectioned for examination by electron microscopy ( Figure 1A) . Control experiments in which substrate was omitted or in which levamisole was added failed to show reaction product (data not shown). Neutrophils contain other granule types; the larger azurophilic and smaller specific granules are characteristic of this cell type. In the present study the specific granules were visualized by immunocytochemistry on ultra-thin cryosections by detecting the marker protein lactoferrin with colloidal gold immunoprobes (Figures 1B and IC) . Control experiments in which the anti-lactoferrin primary antibody incubation step was omitted lacked colloidal gold labeling ( Figure 1D ). Cryosections negatively stained with the phosphotungstic acid-formvar method could be viewed at both high and low magnification with high resolution and contrast.
We then combined the immunocytochemical localization of lactoferrin with the enzyme cytochemical localization of AlkPase activity on the same thin section (Figures 2A and 2B) . The colloidal gold particles were restricted to the specific granule population. The cerium reaction product demonstrating AIkPase activity was present in a separate compartment, i.e., colloidal gold particles were not observed in the AlkPase-containing structures. It should be noted that since the cytochemical reaction was carried out on the ultra-thin cryosections, detergent permeabilization procedures were not required as they are with whole cells.
The immunocytochemical procedure was carried out first to avoid potential problems of altering or masking antigen sites due to the "I 0 T LF -AlkPa~e LF+AlkP= Figure 3 . Histogram showing the comparison of labeling density of immunogold probes for lactoferrin between lactoferrin immunocytochemistry alone (LF-AlkPase) and the combined approach in which lactoferrin immunocytochemistry was followed by AlkPase enzyme cytochemistry (LF+AlkPase). Twelve micrographs of enlargements of portions of neutrophils from each experimental condition were analyzed, resulting in the measurement of 200 granules. The unit of labeling density is the number of gold particles/pm* of specific granules. cytochemical procedure or accumulation of reaction product. However, it was still possible that the second-step cytochemical reaction could cause dissociation of the primary antibody or the secondary antibody-gold complex. This possibility was tested by a morphometric approach. The number of colloidal gold particles associated with specific granules was determined in samples incubated for immunocytochemical localization of lactoferrin alone or after use of the combined approach in which immunocytochemistry was followed by AlkPase cytochemistry. There was no decrease in the number of gold particles associated with the specific granules after combined immunocytochemistry and enzyme cytochemistry (Figure 3 ).
Discussion
Immunocytochemical localization of various cellular antigens has had a pronounced impact on our understanding of the structural and functional organization of cells. The use of ultra-thin cryosections for immunocytochemistry has been of particular importance for high-resolution localization of intracellular antigens. The availability of colloidal gold immunological probes of various sizes has also been key to the general success of this technology (e.g., Slot and Geuze, 1981) .
Localization of various enzymes (i.e., endogenous and exogenous enzymes) by cytochemical means has also been of great utility in a large number of cell biology studies. However, the use of ultra-thin cryosections for ultrastructural localization of enzyme activities has not received wide attention. One reason for this is that in conventional lead-based enzyme cytochemistry of phosphatases the lead phosphate reaction product is unstable when cryosections are negatively stained (e.g., uranyl acetate, silicotungstate, phosphotungstic acid) (Fukushima et al., 1989; Bauer and Sigarlakie, 1975; Leduc et al., 1967) . Conversion of the primary reaction product, lead phosphate, to the secondary product, lead sulfide, minimizes this solubilization (Fukushima et al., 1989) . In the present study the cerium phosphate reaction product was suitable for enzyme cytochemistry on cryosections because cerium, in addition to being an efficient capture metal, is also stable after negative staining. Therefore, the cerium method did not require conversion of the reaction product to a secondary product. We have previously shown that cerium is a useful cytochemical probe with advantages over lead (Robinson and Karnovsky, 1983) . We now show another advantage of cerium-based cytochemistry, i.e., its application to enzyme cytochemistry on ultra-thin cryosections.
The combination of immunocytochemistry and enzyme cytochemistry is desirable in certain experimental situations. Such combined studies have been conducted (e.g., Kobayashi and Robinson, 1991; Miller et al., 1986) . In those studies the enzyme cytochemical reactions were done first on whole cells, which were then processed for ultra-thin cryosectioning and immunocytochemistry. Thus, the immunocytochemical localization was the last step. There are several potential problems with this approach, since the cytochemical reaction may alter the efficiency of the subsequent immunolocalization. This might be a particular problem where co-localization of the cytochemical and immunocytochemical products should occur. For example, the accumulation of electron-dense reaction product from the cytochemical reaction may mask antigenic sites or in some other way inhibit antigen-antibody binding.
We have developed a procedure whereby combined immunocytochemistry and enzyme cytochemistry can be conducted without these potential complications. In this method immunocytochemical and enzyme cytochemical reactions are carried out on the same ultra-thin cryosections. The immunocytochemical localization is done first to eliminate the possibility of interference from the enzyme cytochemical reactions. This sequence of reactions cannot be readily used with whole cells for localization of intracellular antigens. In our experiments it was still possible that the subsequent cytochemical reaction leads to loss of immunolabeling from the cryosections. This was addressed by morphometric analysis of the immunogold labeling and was found not to occur. In other applications of this combined approach, similar control experiments would be required to determine whether the particular cytochemical reaction employed results in loss of immunolabeling. To the best of our knowledge this study is the first in which combined immunocytochemistry and enzyme cytochemistry have been carried out on the same ultra-thin frozen sections.
Combined immunocytochemical and enzyme cytochemical reactions on the same ultra-thin cryosections have many applications and should provide new information that may be difficult to obtain otherwise. In the present case we used human neutrophils as the model system and have shown that the AlkPase-positive compartment does not contain lactoferrin and therefore is not a specific granule. These results are consistent with the AlkPase-positive compartment being a unique organelle in human neutrophils.
